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Abstract 20 

As a typical digitigrade mammal, the uniquely designed small distal limbs of the 21 

feline support two to three times of its body weight during daily movements. To 22 

understand how force transmission occurs in relation to the distal joint in a feline limb, 23 

which transfers bodyweight to the ground, it is necessary to examine the internal stress 24 

distribution of the distal joint limb in detail. Therefore, finite element models (FEM) of a 25 

healthy feline were established to predict the internal stress distribution of the distal limb. 26 

The FEM model included 23 bony components, various cartilaginous ligaments, as well 27 

as the encapsulated soft tissue of the paw. The FEM model was validated by comparison 28 

of paw pressure distribution, obtained from an experiment for balance standing. The 29 

results demonstrated a good agreement between the experimentally measured and 30 

numerically predicted pressure distribution in the feline paw. Additionally, higher stress 31 

levels were noted in the metacarpal segment, with smaller stresses observed in the 32 

phalanges portion including the proximal, middle, and distal segments. The raised 33 

metacarpal segment plays an important role in creating a stiff junction between the 34 

metacarpophalangeal (MCP) and wrist joint, stabilizing the distal limb. The paw pads 35 

help to optimize stress distribution in phalanx region. Findings from this study contribute 36 

to our understanding of feline distal forelimb biomechanical behavior. This information 37 

can be applied to bionic design of footwear since an optimal stiff junction and pressure 38 

distribution can be adapted to enhance injury relief and sports activities. Further 39 

developments may include progress, evaluation, and treatment of metatarsophalangeal 40 

joint injuries in human populations.   41 
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1. Introduction  44 

During the process of mammalian evolution, limb morphology and posture have 45 

evolved to improve aspects of performance such as running speed. These developments 46 

include changes in the digitigrade posture with metapodial elevation associated with 47 

cursoriality [1]. As the proportion in the distal segment of the limb increases, digitigrade 48 

provides the advantage of a longer effective limb length to increase stride/step lengths or 49 

maintain duration at higher speeds [2]. Felines are typical digitigrade mammals, they have 50 

the carpus, and proximal ends of the metapodials elevated off the ground, in conjunction 51 

with a plantarflexing wrist joint. The metapodial head and 2-4 proximal phalanges remain 52 

in contact with the substrate in a dorsiflexed MCP joint. Additionally, the phalanx portion 53 

is the main body component that contacts with the ground in activities such as standing, 54 

walking, and running. This special morphological structure allows felines to absorb two 55 

to three times their body weight while resting on their small distal joint [3, 4]. However, 56 

there doesn’t seem to be any mechanical contradiction in felines between the small paw 57 

and its strong support ability. This excellent mechanical buffer in the feline has stimulated 58 

scientific interest. 59 

The foot distal structure, such as the metatarsophalangeal (MTP) joint in humans, 60 

serves as the base of support once propulsion begins. When the heel is raised off the 61 

ground, the ankle carries out plantar flexion while MTP dorsiflexion also increases. It 62 



must be noted that the MTP joint as the main support segment during human barefoot 63 

running or forefoot striking, is often exposed to instability, pain, or luxation [5-7]. This 64 

condition rarely seems to occur in felines even though their entire-body weight rests on 65 

the MCP and distal interphalangeal joint during their daily movement patterns. As a result, 66 

investigations into the biomechanics of the feline species' excellent distal joint 67 

supportability may also provide valuable musculoskeletal information for human 68 

applications.   69 

The distal limb joint serves as the primary ground support, which comprises the 70 

phalangeal arch segment. This arch can be divided into proximal, middle, and distal 71 

phalanges in conjunction with the MCP joint. Based on the relevant literature, it is 72 

supposed to provide a stabilized platform for ground force-transmission. Caliebe et al. 73 

previously found that force transmission in this distal multi-joint had been optimized and 74 

simplified by a rigid connection between the elbow and MCP joints. The rigid junction 75 

had been created in conjunction with muscular action and tight ligaments, which crossed 76 

the joints to stabilize different distal limb joints during the stance phase [5]. However, 77 

how the forces transmit along the distal joint in a feline limb, which finally transfers the 78 

bodyweight to the ground, are principally unknown. Therefore, an appropriate model with 79 

morphological adaptations needs to be constructed to explore the biomechanical 80 

characteristics of the distal joint of a feline’s limb. FEM models provide a feasible way 81 

to detect internal stresses not only in engineering structures, but in the human foot under 82 

different loading conditions [8-11].    83 

Moreover, information on stress distribution of the internal structure is useful in 84 



enhancing the knowledge on felines distal limb biomechanics while providing new 85 

insights into human MCP joint injury prevention. This may also inspire the design of 86 

health-care products, footwear insoles, and foot functional aids for humans. In this study, 87 

FEM paw models of a healthy feline were developed to predict internal stress distribution 88 

of the phalanges including the proximal, middle, distal, and metapodial portion under a 89 

balanced standing condition. In this paper, we focus on the left forelimb, since motor tasks, 90 

performed using this extremity, have been an interesting paradigm for decades. 91 

2. Materials and Methods 92 

2.1. Subjects 93 

A British shorthair male cat provided experimental data in this study (aged: 2 years 94 

old; weight: 4.7 kg). The cat had no recorded history of any disease or musculoskeletal 95 

injury in any of his limbs. During actual data collection on paw pressure, the cat was 96 

required to be completely relaxed and to maintain a natural position. The cat was taken 97 

to a laboratory environment, for familiarization, two hours each day, for two days. This 98 

was done to enable compliance with instructions since traditionally, cats have difficulty 99 

in responding to instructions, especially in an unfamiliar environment. This study was 100 

supported by the Institutional Ethics Committee of Ningbo University (NO. 20207016). 101 

2.2. FEM Model Development 102 

The specific FEM feline paw model was created using Computer Tomography (CT) 103 

images. CT scans were obtained and conducted at a pet hospital by a qualified veterinarian. 104 

Before obtaining the CT data, the cat was examined by a veterinarian to confirm that there 105 



were no health problems or foot injuries. 106 

2.3. Image acquisition and segmentation 107 

Coronal CT images of the whole body were collected with a space interval of 0.5 mm 108 

in the unloaded position, while only the left forelimb paw was analyzed in this experiment. 109 

The body of the cat was oriented in the scanner in a specific way to mimic the posture 110 

when the fore paws of the cat are naturally placed on the ground. This position was easy 111 

to manipulate because the cat was anesthetized by a veterinarian. The structures of 23 112 

bones, which included 1 radius, 1 ulna, 7 carpus, 5 metatarsals, and 9 components of the 113 

phalanges together with the encapsulated volume were segmented by MIMICS 16.0 114 

((Materialise, Leuven, Belgium). First, they were smoothed and the output of each bone 115 

was placed separately in STL format. Secondly, they were imported into specific software 116 

(Geomagic, Inc., Research Triangle Park, NC, United States) for post-processing. This 117 

included noise decrease, spike removal, and generation of the entity. Finally, the Step file 118 

format for each bone was exported. SolidWorks (SolidWorks Corporation, Massachusetts, 119 

2017) was utilized for conversion of all volumes to solid parts individually. To simulate 120 

the real situation of the cat’s paw, the solid volume of the articular cartilaginous structure 121 

was shaped. Eventually, 18 cartilages were created according to the feline paw anatomical 122 

structure. Additionally, the encapsulated soft tissue was built by subtracting all bones and 123 

cartilages and converting them into a solid format. The ligaments were then generated 124 

based on anatomical characteristics [12]. All 72 parts of the paw, which included 23 bones, 125 

18 cartilages, 30 ligaments, and an encapsulated soft tissue, were partitioned separately 126 

to initiate the meshing process. 127 



2.4. Mesh Development 128 

The mesh for each part of the paw was created by HyperMesh software (Altair 129 

Hypermesh 16.0). During the process, 4-note linear tetrahedral elements were used on the 130 

irregular geometries such as bones, cartilage, and encapsulated tissue. Detailed mesh 131 

sensitivity tests were carried out on the whole paw mode in the preliminary phase. The 132 

aim was to determine an optimum FEM mesh, based on convergence. In this process, the 133 

mesh density was gradually decreased until the difference in predicted peak stress values 134 

between two meshes were within 3%. Finally, the mesh size was set to 0.2 mm for the 135 

bony component, 0.1 mm for cartilaginous parts, and 0.2 mm for encapsulated soft tissue. 136 

The total number of tetrahedral elements in solid bones, cartilage, and encapsulated parts 137 

was 19986. 138 

2.5. Material Properties 139 

The different structures of the cat’s paw and the related parts were approximated by 140 

diverse material properties. Apart from the encapsulated soft tissue, all other tissues of 141 

the paw were idealized as linear elastic isotropic materials. The published data regarding 142 

feline bone is limited, therefore the material properties of canine bone are referenced here 143 

due to certain similar aspects of mammalian anatomy and function. Young’s modulus and 144 

Poisson’s ratio for the bony component were defined as 15000 MPa and 0.3, respectively 145 

[13]. The cartilage comprises the same material as human foot cartilage (Young’s 146 

modulus = 1 MPa, Poisson’s ratio = 0.4) [14]. The plate was created and assigned with 147 

an elastic property to simulate concrete ground support (Young’s modulus = 17000 MPa, 148 



Poisson’s ratio = 0.1). In a recently published research paper, which examined the 149 

biomechanics of paw pad of cats, the pad was described as a nonlinear, viscoelastic 150 

property similar to polymers [15]. Thus, a hyperelastic material model, with a second-151 

order polynomial strain energy potential, was used to mimic the cat’s paw encapsulated 152 

soft tissue. Values for the paws soft tissue were calculated by ANSYS WORKBENCH 153 

18.0 based on uniaxial stress-strain data, acquired from published research, under three 154 

loading frequencies (0.11 Hz, 1.1Hz, and 11Hz) [15]. This was done as hyperelastic 155 

material behavior is typically characterized by uniaxial tests, biaxial tests, and shears tests. 156 

The engineering stress-strain data were directly imported into the processor of ANSYS 157 

WORKBENCH 18.0. The material properties of the bones, cartilages, ligaments, and 158 

plate are listed in Table 1. 159 

*** Insert Table 1 about here *** 160 

2.6. Boundary, loading conditions and convergence studies 161 

The main bony, cartilage, and ligament components were automatically embedded 162 

into the solid soft tissue by FEM software. The complete paw model was considered in a 163 

static condition. The superior surface of the encapsulated solid part, distal tibia, and distal 164 

fibula was fixed. The foot-ground interaction was simulated as a foot-plate system, a 165 

commonly employed method during biomechanical modeling of the human foot. The 166 

plate was assigned with elastic property to simulate concrete ground support, and was 167 

allowed to move freely in a vertical direction. A vertical ground reaction force (GRF), 168 

considering quarter-body weight, was applied underneath the plate, which created a 169 



frictional contact (µ = 0.6) with the paw. The basic methodology of building anatomical 170 

structures for simulation analysis is outlined in Fig 1. 171 

*** Insert Figure 1 about here *** 172 

2.7. Model validation  173 

Referring to the numerical model of the human foot, the FEM foot models were 174 

validated by plantar pressure distribution [8, 9, 16, 17]. Therefore, the cat’s paw contact 175 

pressure and contact area distribution were also extracted from a pressure platform 176 

measurement (Novel, Munich, Germany) for comparison with simulated results (Fig. 2 A 177 

B). The experimental pressure data were collected under static standing conditions. 178 

*** Insert Figure 2 about here *** 179 

3. Results  180 

We report that a geometrically correct, FEM-based model of a feline paw was 181 

developed. For the validation of the cat’s paw FEM model, the numerically predicted, 182 

and the experimentally obtained paw pressure distributions were compared. The results 183 

showed that the numerically determined pressure distribution in the fore-left paw was in 184 

good agreement with experimental data. The paw pressure concentrated mainly on the 185 

metapodial pad with regard to the FEM or the experimental results (Fig 2(C)). The 186 

numerically predicted contact area was approximately 68cm2 in comparison to the 187 

experimentally obtained 54cm2, which showed 20% higher over-prediction. Nevertheless, 188 

the pressure value in the experimental measurement displayed a good association with 189 

FEM results, in which the maximal pressure in the FEM model was located at the 190 



metapodial pad in the measurement. The FEM model predicted a peak pressure of 0.214 191 

MPa, while the experimental result, measured by the pressure platform, was 0.2 MPa, a 192 

difference of only 6.5%.    193 

In all simulated conditions, the maximum von Mises stresses were concentrated on 194 

the metacarpal segment. The highest von Mises stresses were predicted at the third 195 

metacarpal in 0.771 MPa, followed by the second, fourth, and fifth proximal phalanges. 196 

The lowest stress was in the first proximal phalanges due to a relatively higher position 197 

compared to the other bones in the metacarpal segment. It must be noted that stress was 198 

also found in the phalangeal segment, where the stress in the proximal part was higher 199 

than at the middle or distal portion. The stresses of the proximal phalanges ranged from 200 

0.195 MPa to 0.118 MPa. Details of the von Mises stress distribution in the fore-left distal 201 

limb are shown in Fig 2(C). 202 

4. Discussion 203 

In the current investigation, we constructed a computational model of a feline fore-204 

left paw, which included the actual bone components, encapsulated soft tissue, the major 205 

cartilages as well as the ligaments. To our knowledge, this is the first complete FEM 206 

model of a paw bone structure in felines. The most prominent characteristic of this 207 

computational model is the predicted internal stress distribution in the distal limb. This 208 

finding will enhance our understanding of the biomechanical behavior of a cat’s paw and 209 

limbs. Knowledge of this model will offer additional information for bionic footwear 210 

design and related bionic equipment development. Furthermore, these results could 211 



provide some inspiration, even to potentially prevent the likelihood of MTP joint injuries 212 

in humans. 213 

In this study, the numerically predicted paw pressure distribution and contact area 214 

were compared to experimental measurements, as outlined previously in the human foot 215 

[18, 19] or in animal related research [20], Fig 2 (AB). It can be concluded that the 216 

numerical results of paw pressure were consistent with the experimental test, however, 217 

the FEM model showed a higher contact area compared to the experimentally obtained 218 

data. This difference can be credited to the applied simplifications in the fore paw model 219 

(see limitations for future detail).  220 

Only minimal stress was found in the phalanges portion (including proximal, middle, 221 

distal) from the FEM results, although the phalanges segment is the main supporter of the 222 

body. According to the anatomical structure of the cat’s paw, the distal joint is wrapped 223 

in the thick substrate tissue comprising the paw pad. The paw pad consists of the digital 224 

pad and metacarpal pad, which are placed beneath the distal interphalangeal and 225 

metacarpophalangeal joint respectively [21]. This structure plays a critical role in 226 

decreasing and transmitting GRF effectively to protect the distal limb joints from 227 

musculoskeletal damage, which may be caused by impact forces during movements [14, 228 

22]. In addition, the pad could help to optimize force distribution in the internal bony 229 

structures. It is noteworthy to mention that the excellent cushioning performance of 230 

animal claw pads has attracted the attention of many researchers. It has been shown that 231 

the metacarpal pad presents a peculiar columnar structure with a larger surface area 232 

compared to the digital pad, therefore it has a dominant role in distributing or absorbing 233 



mechanical forces [23]. Previous histological analysis of cats has indicated that the 234 

metacarpal pads consist of adipose tissue compartments, surrounded by dense collagen 235 

and elastic fibers that impart a cushioning effect [24]. Recently, it was highlighted, based 236 

on elaborated FEM analysis, that viscoelastic properties and multiple layers in the paw 237 

pad help to disperse impact forces [15]. Above all, given the feature of digitigrade 238 

mammals, it is not surprising that the paw pad as a basic supportive element under the 239 

distal joint plays a significant function in attenuating impacts and even helps to minimize 240 

stress in the internal bone structure.  241 

Figure 2(C) shows that the greatest internal stresses were distributed at the 242 

metacarpal segment. The metacarpal is the longest bony structure in the distal limb that 243 

is elevated off the ground, connecting two important distal joints, the MCP and wrist joint. 244 

Published research has noted that the motion of the wrist joint is limited during walking 245 

[3]. However, the carpal bones as part of the wrist joint showed more degrees of freedom 246 

than a hinge joint [25]. To counteract the multi-dimensional motion of the carpal joints 247 

during movement, the MCP joint movements may also be limited to maintain the stability 248 

of the upright posture in the lower limbs. Therefore, a stiff junction may be created in the 249 

MCP and wrist joint by the metacarpal segment to maintain stability. The MCP joint 250 

kinematic variation is rare and difficult to detect because of its small size and complex 251 

construction, but its strong supportive function deserves further experimental 252 

investigation. Previously published research has indicated that typical cursorial animals 253 

have less mobile forelimb joints or move in a single plane [26]. Additionally, the limited 254 

mobility in the distal joint such as the wrist and MCP joint may prevent the possibility of 255 



transitioning from digitigrade to palmigrade and allow cats to walk or run in digitigrade 256 

postures without joint collapse risk. When forelimbs experience a higher impact force 257 

such as landing from high jumps or falling, the cats’ forelimbs would be forced into a 258 

palmigrade option [27]. Under these conditions, the wrist joint serves as more of a support 259 

mechanism and increases the contact area with the ground to attenuate ground reaction 260 

forces [28].  261 

Creating stabilization in the distal joints must facilitate cooperation with muscles, 262 

ligaments, and tendons crossing the distal joints. The complex activation patterns of 263 

muscles on distal joints have been extensively studied. Electromyography (EMG) signals 264 

showed that the long palmar flexors were active throughout the standing phase via the 265 

MCP joint into the base of the distal phalanx, as well as the extensor carpi ulnaris [29]. 266 

Also, the flexor digitorum superficialis tendons respectively extend in digits 2, 3, and 4, 267 

which connect with the forelimb muscles providing support for distal joints [24]. 268 

However, the muscles and tendons in this FEM model of distal joint limbs were not 269 

investigated, this is also a limitation in the research findings presented here.  270 

Above all, this paper provides fundamental results for the development of bionic 271 

footwear or sports equipment, based on the mechanical analysis of a cats paw. For 272 

example, the obtained results can be applied in the design of running shoes, by adding a 273 

certain thickness pad under the phalanx segment. This will result in an improved ability 274 

for the runner to attenuate impact and to reduce the risk of injury to the MTP joint. On 275 

the other hand, the stiff material can be added at the medial-foot of shoes or insoles, which 276 

may strengthen the support force of the foot. The expected bionic footwear design  are 277 



presented in Figure 3. These are some conjectures based on the FEM results of the cat’s 278 

distal limbs, which we will further explore and verify in future studies.  279 

*** Insert Figure 3 about here *** 280 

It should be noted that there are some simplifications and limitations for the cat paw 281 

model. The bony components of the cat’s fore-left limb were modeled as homogeneous 282 

material with linear elastic properties, referring to dog bony material properties. The bony 283 

microstructure variables may occur in a discrete segment of the joint. The ligaments were 284 

modeled by a straight node-to-node link element, while the specific variation in ligament 285 

positioning in the standing phase was not considered. Furthermore, the middle and distal 286 

phalanges parts were considered as hinge joints, which is a simplification due to the 287 

problematic identification of small bones from CT images. Additionally, the current 288 

material properties, used in ligament cartilage construction, were assigned according to 289 

human information, because there is still a lack of existing information on felines in the 290 

current literature. To simplify the analysis, the intrinsic and extrinsic muscle force and 291 

tendons of the cat’s forepaw were not involved. As described above, load bearing in the 292 

distal limb joint was stabilized by incorporating detailed muscular and tendon impact, 293 

which will be explored in further analysis of the cat’s paw FEM model. 294 

5. Conclusion  295 

In conclusion, complex construction and analysis of a cat’s distal forelimb, together 296 

with the paw, was presented in this study using the finite element method. In consideration 297 

of the results, the findings help us understand how a cat’s paw absorbs and transmits large 298 



impact forces to avoid musculoskeletal injuries of the distal limbs during movement. The 299 

FEM model was effectively validated by comparing the pressure distribution between 300 

experimental data and finite element simulation. The results showed that the larger stress 301 

was concentrated on the metacarpus segment, and the highest stress level was found at 302 

the third metacarpal. Additionally, smaller stresses were found at the phalanges portion 303 

including the proximal, middle, and distal segments. The raised metacarpal segment is 304 

the primary stress site in the fore-left distal joint of the cat, calculated during the stationary 305 

posture. The stiff junction between the MCP and the wrist joint was established by the 306 

metacarpal. It has been also been observed that this part plays a significant role in 307 

transmitting impact force and stabilizing the distal joint. Further work is needed to explore 308 

the FEM model of a distal joint limb combined with muscular and tendon impact. 309 

Palmigrady development in the distal joint limb is also worth investigating since the stress 310 

distribution tendency in the bone would be different using different postural structures. 311 

 312 
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Table 1. Material properties for the cat paw model components. 409 

Component  Young’s Modulus E (MPa) Poisson’s Ratio ν  

Bone  15000  0.3 

Cartilage  1 0.4 

Ligaments  260 0.4 

Plate 17000 0.4 

 410 
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Figure 1. Process of creating the FEM model from 2D CT images to ANSYS workbench analysis.   

   

 

 

 

 



 

Figure 2. Comparison of paw pressure distribution between the experimental measurement and prediction: (A) Cat standing at pressure plate in 

static posture; (B) The fore-left paw was simulated by finite element method; (C) Displayed of the von Mises stresses in metacarpus and proximal 

phalanx segment. Note: MP = Metacarpal; PP = Proximal phalanx. 

 



 

Figure 3. The expected bionic footwear sole or insole design.  


